Contact resistance of semiconducting transition metal dichalcogenides has been shown to decrease in lateral heterojunctions formed with their metallic phases but its origins remain elusive.
group of 2D crystals is the small energy difference between the semiconducting (2H) phase and the metallic distorted octahedral structure (1T') [13, 14] . This polymorphism sets them apart from other 2D materials as exceptional systems with reduced dimensionality exhibiting metal-insulator transitions under ambient conditions [15] and, thereby, promising systems for phase-change memory devices [16, 17] .
Contact resistance in TMDs stands as a key issue for the realization of optoelectronic device applications based on these materials [18, 19] . Extensive efforts have focused on the optimization and control of the Schottky barriers between semiconducting channel material and metal electrodes [20] [21] [22] [23] [24] . The contact resistance of lateral heterojunctions [25] [26] [27] has significantly diminished with respect to the values obtained through direct metal deposition onto 2H TMD nanosheets [28, 29] . These promising approaches rely on inducing TMDs into their metallic phase [30, 31] to produce stable heterophase junctions via chemical vapor deposition [32] [33] [34] or laser-induced phase patterning [27] . Despite efforts to date, the fundamental mechanisms governing contact resistance in these heterojunctions, its fundamental limits, and means to control carrier injection via phase-engineering are still missing.
In this work, we characterize from the atomistic viewpoint the in-plane contact resistance of lateral heterojunctions based on group VI TMDs using first principles calculations within the density functional theory (DFT). Specifically, we combine electronic structure and quantum transport calculations to identify the underlying physical principles limiting charge carrier injection into metallic and semiconducting TMD channels by accounting for effects stemming from the composition, phase, and length. In metal-metal junctions, transmission is nearly ideal for telluride-telluride systems, where the delocalized Bloch states near 2 the Fermi level overlap across a larger range of reciprocal space than in telluride-selenide systems.
In metal-semiconductor junctions, Schottky barriers emerge for both electrons and holes that significantly diminish transmission. Our estimates of the contact resistance are comparable to those obtained experimentally, but yet an order of magnitude higher than the lowest attainable values (5 Ω · µm) due to a reduced overlap between states near the Fermi level. These results suggest that doping could surmount this issue by both lowering the barriers and enhancing coupling between states in the electrode and channel. For short channel lengths, carrier injection is dominated by tunneling or coupling through metal induced gap states (MIGS) formed at the interfaces. We discuss the dispersion of these states based on the geometry of the interface and their implications to transport. Our quantitative analysis predicts the length scale below which tunneling dominates electrical transport over thermionic emission based on operating conditions. By establishing the mechanisms that determine the contact resistance in TMD junctions, this work may prove valuable to the advancement of low-power electronic devices based on 2D materials.
I. METHODOLOGY
We describe the contact resistance in lateral heterostructures formed by TMDs with different compositions and phases using first principles calculations within DFT. Under ambient conditions, monolayers of all group VI TMDs (except WTe 2 ) exist in the 2H structure [35] ; WTe 2 is found to be stable in the asymmetric 1T' structure [36] . Therefore, we mainly focus on heterogeneous systems where the electrodes are formed by four orthorhombic unit cells (uc) of 1T'-WTe 2 on each side of the channel. Channels with various compositions MX 2 , where M = W or Mo, and X = Se or Te, are considered in both their 1T' and 2H phases (see Figure 1a and Figure 1b ). The channel length of heterojunctions in this work range from 2 to 6 uc (∼12-36Å). These systems resemble the sharp interfaces grown experimentally where either the metal or the chalcogen elements are substituted [25, 26] . Our TMD channels are selected based on the small formation energy difference between these two polymorphs [15] .
The geometries of the systems are obtained via structural relaxation of supercells where the lattice constant of the system a 0 is set to that of the 1T'-WTe 2 electrode (a 0 = 3.45Å) 3 while the channel length is allowed to vary. The atoms located away from the interface are kept fixed preserving the shape of the bulk lead; the remaining atomic positions are fully relaxed until Hellmann-Feynman forces on each atom were lower than 0.01 eV/Å. The supercell assumes periodic boundary conditions with at least 12Å vacuum space between planes. We employ the Perdew-Burke-Ernzerhof (PBE) [37] parameterization of the exchange-correlation functional while accounting for van der Waals (vdW) dispersive forces. [38] [39] [40] [41] . Calculations presented here do not include spin-orbit coupling.
Description of core electrons is performed with ultrasoft pseudopotentials [42, 43] using energy cutoffs of 40 Ry and 400 Ry for the wave function and density, respectively. The self-consistent density is determined using 12×1 k-point grid. We compute the ballistic conductance using the PWCOND implementation of the Quantum Espresso software package [44] [45] [46] . A 96 k x -point grid is employed in the transport calculations to sample the 1D-BZ and compute the k x -resolved transmission T (k x , E).
II. RESULTS
We first determine the ground state energy of heterojunctions with 1T'-WTe 2 leads where the channel composition is maintained, but its phase and length are varied. The obtained energy difference between these two phases normalized by the supercell width, namely ∆E ≡ E 2H − E 1T ′ , for WTe 2 , MoTe 2 , WSe 2 , and MoSe 2 are presented in Figure 1d . For short channel lengths, the 1T' configuration appears to be more stable than the 2H (i.e. ∆E > 0) inheriting the ground-state crystal structure of the WTe 2 leads.
As channel length increases, the energy difference ∆E decreases linearly, due to the fact that the 2H structure is the most stable among the different phases of group VI TMDs, save WTe 2 which shows an increase [13] . Indeed, the slopes are consistent with the bulk formation energy difference per MX 2 formula for these phases (S1). For the selenides, the 2H channel becomes more stable than their 1T' phase counterparts after approximately 6 uc. Extrapolation of the data presented in Figure 1d serves to estimate the grain boundary energy between the 1T' contact and the 2H channels, which yields similar results (∼0.4 eV/Å) irrespectively of the TMD channel composition. Further tunability of this 2H-1T' transition [47] , relevant to applications in phase change materials [16] , may be attained by alloying the TMD channels [48] . In these crystalline junctions, carrier injection finds its origins in different mechanisms such as direct tunneling, thermionic emission of either electrons or holes [49, 50] , or coupling via MIGS [51] . We primarily focus on analyzing the contact resistance based on the atomistic details of these heteroepitaxial structures. Other mechanisms limiting transport, such as the electron-phonon coupling, scattering with impurities/defects and interactions with substrates, should also be included when describing larger systems.
As junctions considered in this work have channel lengths of up to 6 uc (∼36Å), we assume that transport is ballistic and characterize the dependence of contact resistance on composition, phase, and length of the channel. In the ballistic regime within the Landauer formalism [52, 53] , the junction resistivity r c can be determined using [54] :
where G 0 = e 2 /h ≈ 7.75 × 10 −5 S is the conductance quantum, a 0 is the supercell's width, and T (E F ) is the average transmission probability at the Fermi level (E F ). In Eq. 1, the transmission probability T (E F ) reads:
where f (E) and t eff (k ⊥ , E) are the Fermi-Dirac distribution and the k ⊥ -resolved (transverse to the transport direction) transmission probability averaged over the one-dimensional
Brillouin zone (1D-BZ). The probability t eff (k ⊥ , E) reads:
and accounts for contributions from all modes with crystal momentum k ⊥ originating in the source electrode (labeled by i) coupling to modes in the drain (labeled by j).
For any material forming the leads, the number of available states propagating along a given direction [55] establishes the upper limit in transmission seen in Eq. 1. We quantify the case of 1T'-WTe 2 , employed as electrodes in our heterojunctions, to set a baseline for the optimal transmission through our systems, where the coupling of all modes in the leads to the channel is ideal. A profile of the bulk momentum-resolved transmission t eff (k ⊥ , E) through 1T'-WTe 2 leads for transport along theŷ direction is provided in Figure 1e . Energies with overlapping bands yield higher transmission values, which are multiples of 2 because of spin-degeneracy. To gauge possible dependencies on the transport direction, we compute the transmission of bulk 1T'-WTe 2 (Eq. 2) along three different orientations:x,ŷ, andŷ ′ ,
We find that the ideal contact resistance r c for 1T'-WTe 2 is approximately 5 to 15 Ω · µm based on Eq. 1 using transmission values between 0.3 to 0.85 at the Fermi level as shown in Figure 1f . These values are well below currently attained values in TMD junctions which exceed 100 Ω·µm [27, 30, 56] . Moreover, variations in the maximum achievable transmission (of up to a factor of 2) are small compared to effects of phase and composition analyzed here. Hence, for the remainder of this study, we compute transport along theŷ-axis as the lattice mismatch between 1T'-WTe 2 (metal contact) and other group VI TMDs (channel)
is smallest in thex direction. The small changes in band structures of 1T'-TMDs suggest that our results are weakly affected by the inclusion of spin-orbit coupling in metal-metal heterojunctions (S2). In the other cases, coupling between modes is drastically attenuated leading to the overall reduction in transmission observed in the first column of Figure 2 . We also note that, given both the channel and the lead, an improved predictor of the upper limit in the transmission may be obtained from the comparison of the availability of modes in the bulk of both components (S3).
These attenuations in transmission that increase the junction contact resistance emerge due to the momentum mismatch between modes in the electrode and channel [55] . To exemplify this, in Figure 2 Using a similar approach to that of metal-metal junctions, we find that systems with 2H channels behave differently due to their semiconducting character. These calculations is challenging as channel lengths considered in this work are shorter than band bending characteristic distances in these materials [57] and could change in the presence of defects or dopants [58, 59] . Here the position of the band edges is inferred from band structure decomposition of the full system (S4). In the structures considered here we find that band offsets -presumably arising from dipoles at the interface -are different for selenides and tellurides. These shifts are of +0.1 eV and -0.1 eV for the 2H MTe 2 and MSe 2 systems, respectively. Valence band edges reside at least 0.5 eV below the Fermi level; conduction bands, on the other hand, are located about 0.6 eV above or higher.
Analysis of k x -resolved transmission probabilities t eff (k x , E) in Figure 3 Electron injection declines significantly at these energy levels due to only a small portion of the k x -space region contributing to transport (see Figure 1e ).
For carrier energies at the band edges (Figure 3 ), the highest average transmission values through the 6 uc-long 2H channels are of the order of 10 −1 , yielding contact resistances r c of about 50 Ω·µm for holes and slightly higher for electrons. These resistance values are smaller than those obtained experimentally in 1T/2H-phase engineered TMD lateral heterojunctions (100-1000 Ω·µm) [27, 30, 31, 34] , indicating that the charge carrier injection may still allow for improvements discussed next.
For lateral metal-semiconductor TMD junctions, transmission is influenced by the barrier heights and the coupling between electrodes and channel. Thus, phase-engineering and doping may be employed to reduce the contact resistance by exploiting defects [58] , impurities [59] , or the formation of epitaxial lateral heterojunctions [25, 26, 34] . Aside from lowering the barriers for electrons or holes, this mechanism can effectively raise transmission by enlarging the Fermi level density of states coupling to the semiconducting channel, at the expense of reducing transmission at other energy levels. This analysis may be carried out from the overlap of the band structures for the given epitaxy as presented in the supplemental information (S3). Interestingly, splitting due to spin-orbit coupling does not yield significant differences in the estimates of our systems because of the momentum mismatch [55] between modes in regions where the splitting is significant.
For short length channels, the main transport mechanism is direct tunneling and length dependence of transmission rates can be approximated by T (E) ∝ e −2κ eff L , where κ eff and L are the tunneling rate and the channel length, respectively. We estimate κ eff for each system using the zero-bias transmission probability of each TMD channel as a function of length (S5). We find decay rates ranging between 0.22 and 0.33Å −1 for 2H TMDs, which are consistent with calculations based on the bulk complex band structures (S6).
As the length of 2H channels increases, carrier injection becomes governed by thermionic emission. For this mechanism, transmission is sensitively dependent on the Boltzmann
is the height of the Schottky barrier, k B is the Boltzmann constant, and T is temperature. We define the crossover length ℓ between transport regimes as the distance when tunneling exponential decay equals the Boltzmann factor for thermionic
. We find that the crossover lengths ℓ are of the order of 3 nm for MoTe 2 , MoSe 2 , and WTe 2 , and slightly larger (5 nm) for WSe 2 due to its wider band gap. We point out that these estimates would likely be reduced upon with the inclusion of spin-orbit provided that those modes indeed couple to the electrodes (S2/S6). Moreover, smaller Schottky barriers from interfacial dipoles and MIGS could enhance conduction at or near the Fermi (see for example Figure 3a ). The energy location and extension of these evanescent states depend on the 2H-1T' interface, as discussed later.
To further understand transport through the different 2H channels, we parse the semiconducting channel and its interface in different regions parallel to the interface. In Figure 4 we plot the projections onto localized atomic orbitals (LAOs) of atoms in each region as labeled in the diagram of the system above. This band structure decomposition allows us to locate conduction and valence bands throughout the channel, MIGS, and the momentum match/mismatch between states in the leads (1T'-WTe 2 ) and those of the MX 2 for the 2H- the Fermi level while the other remains above it. In addition, the asymmetric termination of the junction yields different k x dispersion for these interface states [63] . As these states may be relevant to the nonlocal transport through interface states [64, 65] , it is important to analyze their features.
We characterize the electronic properties corresponding to different 1T'-WTe 2 /2H-MoTe 2 edge terminations. The geometric structure of the interface and the corresponding decompositions of Bloch states onto LAO are presented in Figure 5 . the 1T' structure, the interface states are spread out in multiple bands with some gaps, as in subplots 1-3 of Figure 4 and Figure 5a . We find that the original supercell is energetically favorable over the cases with unique edge terminations and computation of their average transmissions yield features similar to those observed in Figure 3 (S7) . The presence and extension of MIGS at the interfaces, nonetheless, influence charge transport because they offer intermediate paths to conduction that effectively reduce the channel length and enhance tunneling.
III. CONCLUSIONS
In summary, we use first principles calculations to analyze the contact resistance of lateral heterojunctions formed by metallic 1T'-WTe 2 leads and various group VI TMD channels.
We find that systems with 1T'-MoTe 2 channels present almost ideal carrier injection, with a zero-bias contact resistance of approximately 5 Ω · µm. Degradation of the contact resistance for junctions with 1T' selenide channels is attributed to the weak overlap between modes in the electrode and channel. In turn, semiconducting 2H channels exhibit Schottky barriers for both electrons and holes in these lateral TMD heterostructures. Furthermore, transmission near the valence or conduction bands yields contact resistances of about an order of magnitude lower than those found experimentally, signaling opportunities to improve contacts through phase-engineering and doping. The dominant transport mechanism shifts from thermionic emission to tunneling for lengths shorter than about 3 nm. We describe the dispersion of interface states in the metal-semiconducting systems and their influence in transport. Aside from the carrier injection, we show that the thermal stability of the semiconducting channel of MoTe 2 , MoSe 2 and WSe 2 can be controlled by varying the channel length, enabling phase-change material platforms through the interplay of geometry and composition.
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